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Preface

The purpose of this effort was to predict the time
evolution of 8 chaff cloud deployed in orbit around the
earth. The idea of using a space-~deployed chaff cloud as a
jamming device for satellite communications was proposed by
Captain Tommy Brown in 1987.

The bulk of the research was in two areas: dissecting
and understanding the statistical mechanics approach to
satellite breakups as presented by William Heard of the
Naval Research Laboratory, and reassembling the information
into a useable form in spreadsheet programs so the chaff
cloud could be studied at various points in time and for
various dispensing velocities. The work is far from
complete, however; and further research into this area would
be useful. Of particular value would be a computer program
which could more efficiently model the chaff cloud over
time, thus saving countless hours for any further
researcher,

Throughout the course of my‘research, I have had
extensive help from my thesis advisor, Lt Col Howard E.
Evans II and will bte forever in his debt. I would also be
remiss if I did not mention th. close friends who were

always there to lListen to my tirades and helped keep me
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tocused on the project: Bob Chekan, Wayne Gale, Steve
Hildenbrandt, Neil Schoon, Gary Wilson, and Frank Gallagher
These guys collectively spent countless hours lLetting me
bounce questions off them, and just plain Listening to me
when 1 wanted to rant and rave in frustration or "strut my
stuff" in success. Finally, and mogt of 4ll, I want to
thank two others without whose help I would never have
gotten to AFIT, much less completed this thesis: my

beautiful wife Brenda and my iord Jesus Christ.

Alan R. Sterns
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Abstract
3,
This stuay predicts the time evolution of the

attenuation characteristics of a chaff cloud deployed in

. orbit around the earth. The study consists of three parts:
applying the statistical mechanics solution of a satellite
breakup model by William Heard of the Naval Research
Laboratory, solving for particle density at any time after
dispensing, and calculatirg the attenuation of an 8 GHz
signal through the cloud. The study shows that significant
levels of signal attenuation can be achieved, with
attenuations of greater than -50 dB lasting for several

hours. —_
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BETWEEN GROUND STATLIUNS AND SATELLITES

I. Introducticn

} THE USE OF CHAFF XN SPACE AS °~ JAMMING DEVICE
F

This chapter provides a general background for the
problem of deploying a chaff cloud in orbit abcut the earth
with the purpose of jamming satellite communications. It

describes why this research effort was needed, and exactly

what the problem entailed. Ffinally, it provides an outline
of the scope, assumptions and sequence of presentation which

follow.

- o w4 o v -

To fully understand the need for and scope of this
research effort, some background knowledge concerning both
chaff and statistical mechanics is required. This section
provides the basic information needed to understand the

orbital chaff cloud jamming problem.

Chaff. Reflective chaff is an electronic

countermeasure (ECM) device consisting of a large number of

tiny dipoles that are deployed in a rapidly expanding

"cloud," and is used to attenuate incident electromagnetic

signals. The individual chaff particles affect this
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attenuation by reflecting and absorbing portions of the

ol

incoming signal (Brown, 1987:4-~1). The wavelengths of the
incident signal most attenuated by a chaff cloud are those

which are approximately double the length of the individual

chaff particles (Butters, 1982:197). Some a_priori

knowlzdge of the incident signal is thus required so that
. the chaff particles can be constructed at the proper length ]q

for maximum signal attenuation to occur.

Cha%f is routinely deployed in the atmosphere by the

Air Fcorce and Navy as a decoy to intercept radar signals

b

targeted for planes and ships, thus allowing the intended
targets to avoid detection and subsequent destruction.

Due to the aerodynamic forces which act on the

' I
. .
i edesdna £

individual chaff particles in the atmosphere, a chaff c¢loud
rapidly blooms (expands) and begins falling to earth shortly

after deployment. Therefore, it is a very transient ECA

device. In space the aerodynamic forces are minimal,

however, so a chaff cloud would be a relatively long-Lived J

{
Aos

entity.

e et e e i & e e

Brown has proposed that chaff in space could be

3

effectively used to jam satellite communications if a cloud

¢ of chaff with sufficient density and of the proper resonant —%
wavelength were used (Brown, 1987:4-1 to 4-24). 1In order to %

assess the utility of deploying chaff in space, a model %

- 4

e



describing the physical blooming characteristics of the
chaff cloud needs to be developed.

A blooming model for chaff in cuter space woutid have to
include the following information: the size of the cloud in
three dimensions at any given time, the particle density of
the cloud at any given point in space, and the rate of
expansion of the cloud in all directions. The cloud model
would also have to be useable from any reference point on
the earth to determine whether a signal sent between the
ground and a satellite, or vice versa, would pe properiy

attenuated.

Statistical Mechanics_Approach. Ideally, the position,
velocity, and density of a collection of particles can be
described using Newton's Laws of Motion, particularly his
Third Law: F = ma, where F is the force acting on a given
particle, m is the particle's mass, and a is the
acceleration vector of the particle in three dimensions.
When the number of particles whose motion needs to be
described becomes .arge, however, the use of Newton's Third
Law becomes impractical and an approach using statistical
mechanics is often taken.

Statistical mechanics refers to the study of the

collective properties of a system consisting of a large

number of small particles whose exact position and velocity
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components are either unknown or difficult to describe
(Johnson and McKnight, 987:56). Since the chaff cloud
problemr involves billions of individual particles, a

statistical mechanics approach is justified.

Problem_Statement

This study uses the statistical mechanics approach
described by William B. Heard of the Naval Research
Laboratory in his paper “Dispersion of Ensembles of
Non-Interacting Particles"” and describes the time history of
the size, shape, and particle density of a space deployed
chaff cloud based on stated initial conditions at an ideal
spherical deployment. The study then uses the size and
shape information fcr the cloud and the p-~ticle denzities
within the ¢loud to determine the attenuation of a signal
from a ground-baged antenna to a satellite Locafed behind
the cloud. The attenuation study examines signal
aftenuation along a column which runs from the part of the
cloud closest to the earth, through the center of the cloud,
and out the part of the cloud nearest the satelilite. Since
the cloud is continually changing in size, shaps and
density, the attenuation study is accomplished by taking
"snapshots” of the cloud at various times after initial
deployment. The dispensing velocity of the cloud is also

varied to determine the dispensing velocity which provides

il
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the most effective attenuation over a specified period of
time. This information is then usec to determine if jamming
nccurs, snd if so, over what time period and for what

dispensing velocities.

The research effort examines the following:
1) existing data which describes the time evolution
of a collection of particles in earth orbit;

2) the field of statistical mechanics as it applies
to the chatf cloud problem;

3) Heard's solution to the statistical mechanics
problem of numerous particles in orbit about a
large body, and its application tn the chaff
cloud problem;

4) Brown's stated requirements for the attenuation
of electiromagnetic signals through a chaff cloud

and equations appropriate for signal attenuation
catculations.

Evolution_of Particles. A knowledge of the anticipated
time history evolution of a chaff cloud is essential in
determining if the results obtained vis statistical
mechanics provides accurate ,data. 3Several research efforts
have addressad this area in the past. The results of two of
them have been examined in this study to provide a basis

with which to compare the resuitts of the statisticatl

mechanics solutions.
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The first of these studies is the work done by Ross in
1961 which provided a theoretical basis for the evolution of
8 group of particles deployed from a satellite in earth
orbit (Ross, 1961:79-83).

A second research effort entitled "Project Westford"
examined the usefulness of_a dipole cloud in earth orbit as
an aid to long-distance, point-to-point communication.
Project Westford got into full swing upon the release of 480
million dipoles into earth orbit on 10 May 1963. The
resulting cloud of particles was used to reflect radio
signals between a ground-based transmitter and a receiving
antenna lozcated at a distant location (Overhage and Radford,
1963:452) .

The long-term (days to months) evolution of the chaff
¢loud,. although an interesting aspect of the problem, is not
addressed in-depth. Since the current problem involves only
whether or not a signal can be attenuated, and if so, for
now long, the final shape of the cloud is of no particular
interest. After the attenuation of the incident signal
drops below a specified value, the evolution of the cloud is

no longer pertinent to this stuay.

Statistical Mechanics Solutions. Statistical mechanics

has applications in many wide ranging disciplines.

Therefore, a List of some of these applications are provided
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to further introduce the tubject. First, specific areas: of
application of statistical mechanics are listed. Then, the
Boltzmann equation, which is used to describe the time
history of the distribution of a collecticn of particles, is

presented.

Orbital_Statistical Mechanics. Several researchers
have done work using statistical mechanics which they claim
can be used to describe such systems as the rings of saturn,
satellite breakups, the asteroid belt, meteor streams, and
moving star clusters (Hameen-Antilla, 1976:145; Heard,
1976:63; Johnson and McKnight, 1957:56-57). The results of
these efforts, when compared with the results of the two
particle evolution studies mentioned previously are used to
solve the problem at hand. 1In particular, the local
densities at various points throughout the chaff cloud are
determined. This in turn leads to the actual number of
particles lying within various subvolumes within the cloud.
These particle densities are also examined at various time
interv.ls 2f2zr deployment of the cloud. The attenuation of
the signal through each subvolume (and subsequently the

entire cloud) is then determined.

Signal_Attenuation. In his 1987 Master's thesis, Brown

provided several equations describing the attenuation of a

radio signal through a chaff cloud. His procedure depends
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- on the number of particles encountered by the incident

signal. Brown alsc described the size of a chaff cloud
required to jam an area the size of Washington D.C, the
required altitude of the chaff cloud for this scenario, and
time requirements for signal attenuation (Brown, 1987:4-3 to
4-5, 4-13 to 4-17). In order to prevent the unnecessary
duplication of effort, his results are applied directly to
the above statistical mechanics solutions to determine the
attenuation of the signal through each of the subvolumes
described above. By examining the attenuation through
subvolumes which Line up directly with each other along a
central column through the chaff cloud, and by multiplying
together the percentage of the signal which passes through
each of these subvolumes, the percentage of the signal which

penetrates through the cluud is determined.

PP A PPN~ P

Several general assumptions are made to help simplify
the calculations and keep the scope of this research effort
manageable. The assumptions are as follows:

1) ALl the chaff particles can be instantaneously
and ideally deployed in orbit at the specified
time, t..

0
2) The cloud will follow an ideal, circular orbit

around a non-~rotating earth and will experience
no perturbations.
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3) There will be no physical interaction between
individual chaff particles after deployment.

4) The initial dispersion pattern will be
spherical.

S) The electromagnetic signal will always be
directed normally to and through the point of
initial dispersion (centroid) of the cloud to a
geasynchronous satellite.

6) The incremental velocity imparted to the chaff

particles upon deployment is very much less than
the velocity of the parent body in its orbit.

First, the research is presented beginning with a
review of current literature relating to the problem of
deploying a chaff cloud in earth orbit. As outlined above,
this includes a Look at the evolution of the cloud using
classical approaches, a discussion of statistical mechanics,
a presentation of specific statistical mechanics solutions
to orbital problems, and a synopsis of signal attenuation as
described by Brown.

A short methodology section briefly describing the
process involved in the solution of the oroblem is next,
follo.ed by a section building on the theories outlined in
the Lit2-ature review section. Appropriate adaptations for
the =z ff cloud problem are included.

following that is a section that provides the solutions

to i3 chaff cloud problem, including two-dimensional
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graphical representations showing the physical dimensions of i
the chaff cloud as a function of time. These results are
then analyzed using the attenuation model to show the time z
period over which effective jamming by the chaff cloud i
occurs. :

The final section provides some conclusions regarding ]

the chaff cloud problem and recommends some areas of study i
where future research might be useful. ;
i
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This chapter provides an in-depth review a&nd some
development of the background information which forms the
basis for this research effort. It is divided into the
following sections: discussions of chaff cloud evolution in
general, 3 revieuw of statistical mechanics, solutions to
orbital problems similar to the chaff cloud problem using
statistical mechanics approaches, and a review of the theory

of signal attenuation through a dipole cloud.

Cloud Evolution
As mentioned in the previous chapter, several

researchers have addressed the problem of the evolution of a
collection of particles that has been released from a parent
satellite in earth orbit. Since this paper is mainly
concerned with the density of the chaff cloud and an
integration across its volume, and since statistical
mechanics will be used to provide the actuat numbers tc¢ be
used, this section does not apply any rigorous mathematics.

Instead, only a description of the most general aspects ot

chaff cleud evolution in earth orbit witl be discussed.

Orbital Mechanics Review. In order to fully understand

- - e > e WS am e v moam em Em an o W e e -

a satellite's orbital motion about the earth, a knowledge of
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the basic orbital parameters is required. This section
provides a review of some of the basic concepts and
definitions associated uith orbital mechanics.

The coordinate system for an earth-orbit is a
right-handed, inertial system with the origin at the senter
of the carth. The I-axis points in the Vernal Equinox
direction and passes through the earth's equator. The
J~axis is located 90 degrees from the I-3axis along the
equatorial plane. The K=~axis is ocrthogonal tn the other two
principle axes and points through the north pole (Bate and
othars, 1971:58).

There are six bessic orcital parameters: semi-major
2xis (a), eccentricity (e), inclination (i), longitude of
the ascending node (), argument of perigee (W), and time of
perigee passage (T). All of the orbital paramet;rs are
described in "Fundamentals of Astrodynamics" by Bate,
Muetller, and White (Bate and others, 1971:58). The orbital
rarameters are representad pictorially-in F._ure 1.

Three gdditional aspects of a satellite’s motion which
are also important to the chaff c¢loud problem, atthough not
included among the basic orbital parameters, are the perioad
cf *he satellite's orbit (P), the specific mechanical energy
0f the orbit (E), and the satclilite's mean mction {n).

The period is the amount of time it takes 2 sateliite

to complate one revooution z2bout the earth and is usualiy,

12
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measured in minutes. A satellite's period is defined as

follows:

3,,1/2

P = 2ma” /K ) 1

where a is the semi-major axis and K equals the Universai
Gravitational Constant (G) multiplied by the mass of the
earth (M) (Bate and others, 1971:33).

The specific mechanical energy of each particular orbit

is constant and related to K in the foliowing manner:

E = v2/2 - K/r (

»
~¢

Here, v is the magnitude of the satellite's velocity and r
is the distance from the center of the earth to the
satellite (Bate and others, 1971:16J.

Mean motion i35 the time it takes; a satellite to
complete one radian of travel about its orbit and is defined

as follows:

n = (k/ay1/@

where K and a are the same as in £q (1) (Bate and others,
1971:185).

From the relationships described abuve, it can be shown
that any change in a satellite's energy directly affects
both the satellite's period and the semi-major axis of the

satellite's orbit (Thomson, 1984:58). Shapiro states that a

14
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change in satellite velocity will not change the energy of
the setellite's orbit unless & cemponent of the velocity is
in the direction of satellite motion. Velocity components
in the other two orthogonal directions have effects cnly on
the other orbital parametars, particularly 'e' and 'i'

(Shapiro and others, 1964:4383).

Pretiminary Assumptions_and Setup. To understand a
description of the evolution of a particle cloud in orbit,
it is best to begin by looking at simpiisti¢c examples and
expand the complexity ene step at a time. Therefore, it
will be assumed that the parent satellite (the satellite
vhich dispenses the chaff particies) starts in a perfectly
circutar ('e' = 0), equatorial (*i' = 0) orbit about the
earth. At this point, the specifi¢c valuass for the other
orbital parameters and the values for 'P!, 'E', and 'n' are
unimportant. As noted in chapter I, any perturbations to
the orbit caused by anything other than the velocity changes
noted below are assumed to be negligibla.

for these examples, the sh.pe of the parent satellite
will be assumed to be cylindrical with the satellite
spinning about its longitudinal axis. For simplicity, the
ctoud will be assumed to consist ot small particles
initially located inside the spinning parent satellite.

Dispensing occurs when the outer shell of the parent

15
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satellite is instantaneously remeved. This allows the
particles, no Longer held in place by the shell but still
moving at the angular velocity imparted by the spinning of
the parent satellite, to spread radially from, the parent.

The rest of this section will examine /gur types of
particle dispensing from the cylindrical!ﬁarticle satellite
as described by Ross in his paper "The Orbital Motion of
Pellet Clouds" and Shapiro, Jones, and Perkins in their
paper "Grbital Properties of the West Ford Dipole Belf"
(Ross, 1961:79-83; Shapiro and others, 1964:482-492).
Except where noted, all the material for Cases I and II
comes from Ross's paper; Cases 111 and IV are entirely from
the Shapiro peper.

The first two cases assume instantaneous dispensing 6f
the particles, and the pareqt satellite's orientation is as
shown ir Figure 2. The case where the spin axis is oriented
axially in relation to the earth will not be specifically
discussed, but will be automatically included in Cases III
and IV as discussed below.

Cases IIIl and IV involve dispensing the particles over
a period of time and are also shown in Figure 2. The
release of particles over time could be accomplished by
reteasing cnly a fraction of the outermost particles within
the parent at any one instant in time. In these cases, the

direction of spin axis orientation (s assumed to be time

16
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independent and; therefore, the spin axis will continually
change its orientation angle with respect to the path of
satellite motion as the satellite moves around the earth.
The resultant dispensing of particles over time causes
spreading in all directions relative to the parent

.

satellite.

In this first case, Ross says that since no incremental
velocity is imparted upon the particles in the direction of
satellite motion, no energy change is imparted to their
respective orbits. Therefore, no changes in their orbital
periods occur.

The velocity changes which occur happen only
perpendicular tc the parent satellite's path with the
subsequent effect that both the eccentricity and inclin.ation
change. The eccentricity change is caucsad by the radicl
component of the particle velocity with respect to the
orbital plane of motion, while the inclination change is a
result of the velocity component perpendicular to the orbit
plane.

Another interesting effect ic that since a change in
period does not occur, a.lL particles must return to their
original locations in the parent orbit at the end of each

subsequent revolution ebout the earth. This means that
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although the incremental velocity imparted to the particles ;;
causes an expansion of the cloud, the expansion reacheg a ;}
maximum halfway around-the orbit. At this point, the cloud E"
begins to contract and will return to its original size and gi

shape at the original point of dispensing. The combination
of the change in values for 'e' and 'i' has the additional -3
effect of causing the "ends" of the cylindrical clcud to
tilt sunusoidally with time. Figure 3 illustrates the
contracting/expanding/tilting particle cloud over time. 1In

the figure, 'nT' is the portion of the orbit (in radians)

the cloud has traversed, the 'S' direction is in the

direction of satellite motion, the ‘R' direction is pointed
L radially to the earth, ard the 'W' direction is out of the
| orbital plane.

The effect of the angular velocity of the parent
satellite's spin is important to the dispensing in that the
outermost particles Jndergo the bigrest changes in velocity
(and thus ‘e’ and 'i') and the innermost particles

experience the smallest changes. Because of these variances

in the delta velocities, a smear of particles develops
between the parent orbit and the orbits of the particl>s

with the maximum eccentricity and inclination changes. é.

It is important to note that since the velocity changes

occur instantaneously and nc further accelerations or

velocity changes are involved, the changes in 'e' and 'i'

.
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have an upper Llimit. This Llimit is what causes the cloud to

reach its maximum size at the halfway point in the orbit.

Case II:_ _Spin_Axis_Perpendicular_to Orbit Plane. With
the spin axis perpendicular to the orbit, there is one
component of velocity directed radially from the earth in
the orbital plane and one component in the direction of
satellite motion. Since nc velocity component can cause an
inclination change, the spread of the particles out of the
orbit plane is solely determined by the initial length of
the parent satellite.

The velocity component in the radial direction has the
same effect as it had in the previous case, causing a change
in the eccentricity of the satellite's orbit. However, the
velocity component which acts in the direction of satellite
motion introduces a new effect into the problem. B8y
altering the particle velocity in the direction of motion,
the energy of the orbit is changed. This alteration in turn
causes a change in 'P' Snd 'a' of the orbit.

The effect of the differences of the angular velocities
of the part{cles, as was noted in Case I, is that the
outermost particles undergo lLarger changes in velocity (and
thus 'P' and 'a') than the innermost particles. This causes
either an increase or decrease in orbital period depending

on the direction of the velocity vector in relation to the
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satellite's motion. Again, a smear of particles develops

) between the parent orbit and the highest and lowest orbits
caused by the period changes.
Since the period changes are permanent if no other
perturbations are considered, the particles continue to

spread forward and backward along the orbit (with respect to

the parent satellite) at rates equal to their respective
changes in period from the initial orbit. For example, if a
period change of one minute is imparted upon a particle, it
will move away from the parent satellite at a rate of one =

’ minute per orbit. Eventually, the cloud expands to the

| point that the forward moving particles meet the backward

|

moving particles halfway around the orbit from the parent

. ML

satellite. Since the expansion due to period changes of the
particles continues indefinitely, a toroid ultimately
develops around the earth. i
The result of the eccentricity and period changes
acting together to change the orbit (for those partiicles

that have components of velocity in both the radial

il

direction with respect to the parent satellite and the

direction of satellite motion) are different than for Case I

because of the period changes involved. The eccentricity i

causes some oscillations of the height of the apogee and

perigee points with a maximum occuring halfway through the

first orbit. However, due to the fact that virtually every

I
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particle has at Least a small component of velocity along

the direction of motion, the ovarall tendency of the cloud
is not to continue oscillating each orbit. 1Instead, the 9
cloud elongates along the orbit in a manner similar to that

shown in Figure &4,

R Orbital Plane. With the spin axis lying in the orbital

:.:'l .

plane, its orientation is the same as that in Case I exactly
twice each orbit. These points are 180 degrees from each

other in the orbit. At a point 90 degrees from either of

. :
; | NP

these points, the spin axis is oriented radially with
respect to the earth. At any other point in the orbit, the

spin axis is at some other orientation.

‘h.i v

With the spin axis oriented precisely perpendicular to
the path of motion for only an instant of time twice each
orbit, only a fraction of the particles receive velocity . !
components exactly in the direction of motion. Therefore,

the number of particles with the greatest period change is

g

significantly less than in the previous two cases. However,

r

since the particles are dispensed in all directions, all

particles receive some change in period (except in those

PR NN ST W 2

[

instances with the spin axis exactly parallel to the

satellite's motion), unlike Cases I and 1I.
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Hith a continually changing orientation of the spin
axis relative to the sateilite's motion, the veiocity
components influencing eccentricity and inciination change
also. The maximum changes in eccentricity and inclination
occur with the spin axis oriented along the path of motion.

When effects of the various changes in period,
eccentricity, and inclination are combined with the effects
of different velocity magnitudes due to the shrinking size
of the dispcnser as time progresses, a distribution of
particles occurs that has a peak density near the parent
orbit. The density rapidly diminishes farther ocut from the
parent satellite.

Shapiro notes an interesting result when tie overall
cloud is described pictorially. Since the largest change in
period occurs only for those particles released when the
spin axis is oriented radially from the earth, particles
released here will move ahead or lag behind the parent
satellite the farthest. Those that Lead are in orbits with
Llower perigee altitudes, and those that lag are in ourbits
with higher apogee altitudes than the parent satellite.

Assume the spin axis is aligned radially with respect
to the earth at u' = 0 degrees and u'' = 180 degrees as
shown in Figure 5. For those particles released at u', the
following situation develops: all particle orbits intersect

the parent orbit at this point, with the lagging particles

25
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Figure 5. Dispensing 3etup for Case IIl
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having perigees and the leading particies having apogees
here. For those particles released at u'', the same thing
happens only it is one~half orbit removed. At the u''’
point, the particles released at u' are all at either
perigee or apogee of their respective orbits and are ahead
¢r behind of the parent satellite, respectively. A similar
situation occurs for the particles released at u'' when they
reach the u' point in the orbit.

The interesting result is that at both u' and u'',
there are particles that were released at the opposite end
of tnhe orbit, some of which are at perigee and some of which
are at apogee. Therefore, at u' there are particles leading
the parent satellite in a slightiy {ower orbit (u'’
particles at perigee), particles lagginy behind the parent
satellite in a slightly higher orbit (u'' particles at
apogee), and particles lLeading and lagging the parent
satellite at the same altitude (u' particles). A similar
result applies to the u'' points. At these points, a four
pointed cloud Like the one shown in Figure 6 develops. At
the points in the orbit where the spin axis is aligned with
the direction oV satellite motion (90 and 270 uegrees), a
smooth transition between particle orbits occurs.

According to Shapiro, the overail effect of the

particle cloud '"can thus be envisioned as a two-headed
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Figure 6. Chaff Cloud Evolution for Case III
(Shapiro, 1964:491)
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dragon, snapping its jaws open and closed as it circulates

around the earth” (Shapiro and others, 1964:490).

s mmecewmecsloacsemceecechacacececalccacmecececemmocaomm oo oo tem -

The only differences between this case and Case II above are
that the angle between the spin axis and the orbital plane
can be set anywhere between 0 and 90 degrees (instead of
being placed rigidly at 90 degrees), and that the dispensing
takes place over a long period of time. Shapiro makes some
mentiop of the situation in which the angle is 90 degrees,
but the results agree with Case II above, so it will nc be
discussed here.

For Case I1I, Shapiro says that the greatest
inclination change for the particles occurs at the point
along the orbit where the largest velocity component
perpendicular to the orbital plane exists. He also says
that the greater the angle between the dispenser and the
orbital plane, the smaller the spread in the distribution of
the inclinations of the particle orbits. This is because at
9G degrees (Case 1I) no inclination changes occur, and at 0
degrees (Case II7) ;irtuatly al! particles ex ibit some
inclination changes. Because of thesé effects, the
inclination changes undergone by particles can be kept to
within a desired range by changing the angte of tilt of the

dispenser relative to the orbital plane.

25
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The effects of inclining the spin axis relative to the
orbital plane on the other orbital elements is a combination
of all the effects previously mentioned. At an inclined
angle of 0 degrees, the distribution of the number of
particles with various period changes is the most
prcnounced, since Eela;ively few particles experience the
greatest possible period change. For greater angles of
inclination, Larger numbers of particles can undergo changes
in period, with a maximum number occuring at an inclined
angle of 90 degrees (Case II). Thus, Shapiro points out,
although the maximum period change can be experienced by
particles at any inclined angle (assuming their velocity
component is aligned with the direction of motion), the
distribution of the number of particles with any given
period change is very angle dependent.

Finally, Shapiro says that no matter what the angle of
tilt, the resulting distribution of particles is centered
about the parent satellite's orbit, with the largest
concentration of particles in the vicinity of the parent
orbit. The resulting cloud for this case also resembles
Figure 6 except for slight differences in boch the
distribution of the particles and spreads in the

inciinations of the particle orbits.
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Statistical Mechanics

As mentioned previously, the motivation behind using
statistical mechanics to study a collection of particles is
that Newton's lLaws of motion become cumbersome when applied
to a large number of particles. Statistical mechanics
solves this problem by looking at the collection of
particles as a single entity and analyzing its behavior over
time.

Several areas of physics routinely utilize statistical
mechanics to aid in the solution of problems. Among them
are plasma physics and kinetic gas theory. However, since
none of these disciplines directly apply to the chaff cloud
problem, no further mention of them will be made.

To properly examine the behavior of the particles over
time as a group, a distribution function is required. A
distribution function describes the location, size and
density of the collection of particles as a function of
time. Once the distribution function is known and
appropriate initial conditicons are applied, the time history
of the collection of particles can be determined.

An equation commonly used to describe the time
evolution of distribution functions is the Boltzmann

equation which, according to Chen, is as follows:

df/dt + v « Vf + F/m - df/dv = (df/dt) (4)
= “ coll
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Here f represents'the function f(r,v,t) or the number of
particles per cm3 as a function of position (r), velocity
(v), and time (t). df/dt is the deriv~tive of f with
respect to time. Vf represents the gradient in (x,y,2)

space so that

ve-Vf= (5)

Q.
X f=h
QaiQ.
-+ 1%
+
Q.la

b
t

K 1-h
Qi
o.1Q.
N -
.iQ.
tIiN

F is the force acting on the particles, m is the mass of the
particles, and df/dv is the gradient in velocity space so

that

E/m « df/dv = + +

Qi
< t-h
alQ
Q.0
< I=h
[+N]e8
ti<
~N

v
e
y 2

df dv

The term on the right-hand side in Eq (4) describes the time !
rate of change of f due to collisions between particles
( .en, 1977:206}, and will be assumed to be negligible for

the remainder of this work. ;
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This section examines the literature which specifically
addresses *he application of statistical mechanics to
problems in orbital mechanics. AlLL the examples addressed
here have the common element of a Large number of small
satellites being released from a parent satellite.

Appltications of these examples to other problems in orbital
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o mechanics include examining the behavior of meteor streams ;
coming from a disintegrating comet, expanding star clusters, ,
asteroid belt fragmentations, and exploding earth satellites 3
(Keard, 1977:1025). Due to the similarities between the i

case of an exploding earth satellite and the expanding chaff
cloud, the application of statistical mechanics to the chaff

cloud problem is fairly straightforward.

applying statistical mechanics to determine the resuiting ?
orbits of the pieces from a satellite breakup. They ;
describe the different particle orbits using an approach -
outlined by Heard in a paper published in 1978. Heard's #
work is described in the "General Theory'" section oelow. In

addition to outlining Heard's approach to the problenm,

: JHES

Johnson and McKnight provide a useful summary of the

advantages of using statistical mechanics for analysis of

satellite breakups as opposed to using classical mechanics

approsches:

AP LTIV T e s = v Ve oast e NSRS 4T TN Al s TR AT AT T AL NI TR ST TR TR TN T

First, the statistical approach requires less
computational effort and does not require increased
effort for larger breakups. It also provides a global
definition to a problem which inherently does not lend
itself to such an apprcach. (Johnson and McKnight,
1987:58)

MR, T T e Y L

~ AEERVVITW
v

.
3
x N R .
mem.—m—u—w I - T ]



fo”

wl’ﬁg‘_}’fj@}{fﬁ!‘m{hﬂ‘ AP L T I N L A I R AP A T L L. ST e e Ty
THON

Johnson and McKnight point out, however, that the use of
statistical mechanics requires a conversion from basic
orbital elements into analytic fumctions in order to solve
the problems. They also mention that the nomenciature
particular to statistical mechanics is generally not as well
known as that of the classical approaches (Johnson and
Mcknight, 1987:58).

Heard has authored several articles on the topic of
using statistical mechanics to model the propagation of a
Large number of particles in space over time. He states in
his 1976 work that a collection of particles can be studied
using either a classical approach or a continuum
(statistical mechanics) approach., Like Johnson and
McKnight, Heard alsc emphasizes the incr2ased computational
effort required by the former method. He goes on to say
that since interactions among the particles are negligible,
the solution via statistical mechanics requires nothing more
than the application of the tneory of Linear, partial
differential equations (Heard, 197£€:63).

In the same paper, Heard also mentions the usefulness
of a statistical mechanics approach in the field of
astronomy to analyze different systems of particles that
move in independent orbits about another body, but whose
overall behavior tends to indicate a common origin, such as

fanilies of asteroids (Heard, 1976:63). 1In this_gaper, he
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Looks at what he calls the "direct'” problem and the
"inverse" problem. In the dir~-t protlem, the final
distribution of a collection o; particles is examined
beginning with the initial point of dispersion and ending at
a future point in time. The inverse problem examines a
collection of particles and attempts to recreate the momenf
of initial dispersion by moving backward in time (Heard,
1976:63-64). Since the current study is concerned only wit®
the future spreidding of 2 chaff cloud and not the origin of
an existing chaff cloud, no further mention will be made =f
the inverse problenm.

Heard's paper from 1977 examines the asymptotic (time
increasing to infinity) behavior of a collection of
particles (Heard, 1977:1025). Like the inverse problem, the
final state of the chaff cloud is not important here, since
the current study is concerned only with the cloud's
spreading up to the point where the desired signal
attenuation no longer exists. Therefore, except for the
underlying statistical mechanics theory, Heard's 1977 effort
is dropped from further discussion here also.

In 1978, Heard published a paper directly applicable to
the problem of a satellite breakup which is useful for the
current study. In this paper, he again examined the direct,

inverse, and asymptotic problems; he also included an

analysis of the "continuous source” problem. In the
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A continuous source problem, the dispersion of particles
occurs over time. This is similar to Cases II1I and IV which

were discussed above (Heard, 1978:1-2). Again, the direct

N T v

Ay

problem will be the focus of this effort.

LS
ot

. In 1976, Dasenbrock, Kaufman, and Heard co-authored a

paper which examined the direct and inverse problems as they

TS B R T NICA

apply to satellite breakups and the subsequent debris cloud

that develops. The specific stated purpose of this report

R I AT AN Y

was to

Study the dynamical characteristics of an evolving
fragment cloud in order to yield insight into both its
future evolution for purposes of collision
probabilities and to determine how the dynamics might
be used to obtain the precise origin of the cloud.
Specifically, satellite breakups are simulated to study
the characteristics of their evolving fragment clouds.
These characteristics are then used to determine hcow
the time and place of a satellite explosion might be
accurately determined once its fragment cloud has been
observed. (Dasenbrock, 1976:2)

:
i

The paper, like the works discussed above, goes on to state
that a statistical mechanics approach is called for to help

ease the computational burden of following the orbital paths

TTHET T T T LT T T T T, LT

of the fragments (Dasenbrock, 1976:2).

:
'

Finally, Hameen-Antilla has also applied a statistical
mechanics approach in his examination of a system of
particles in which collisions between particltes occur. In
particular, the evolution of the rings of Saturn was

discussed. The underlying purpose of the paper was to
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improve on a previous work, also by Hameen-Antilla, in which
statistical mechanics was used. The differences are that
the second work allowed for differences in particle sizes
and improved on the statistical orbit model used
(Hameen-Antilla, 1976:145).

In each of Heard's three papers discussed above, he
used the same basic theory, with slight variations in each
work, to arrive at his final results. 8side froﬁ Heard's
presentations, the only other direct applications to the
chaff cloud expansion problem from the above LlList are the
ones found in the Dasenbrock article and Johnson's and
McKnight's book. However, the presentation of the theory in
the Dasenbrock paper was identical to that in Heard's 1976
paper exceut for a few minor changes, while Johnson's and
McKnight's presentation was taken | rgely from Heard's 1978
article. Therefore, Heard's method of presentation will be
followad closely in the discussion below. Hzard's 1978
paper used essentially the same format for’presentation as
his 1976 work, but in the ,978 work some of the results were
presented in a manner more easily understood. Therefore,
the theory presentation below will be adapted from both

Heard's 1976 and 1978 efforts.
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Heard begins by assuming a collection of particies in a

common force field with the following equations of motion:

g = X(g,p,t), p = Y(g,p,t) (7)

where the vectors g and p represent the coordinates and
momenta of the particles, respectively. The next assumption
is that f(g,p,t) is the phase~space density function such
that a volume contains dN particles with the following

relation:

dN

f(g,p,t) dg dp (8)

Heard then refers to Chandresekhar's solution that says
the distribution function f follows the relationship
n -
df/dt = :E (d/dqi-(fxi) + d/dpi-(in)) =0 (9
i=1
if no source of particles is present. This equation is then

rewritten in the following form:
0f/Dt = -fA (10)

where D/Dt is the "Stokes derivative” (D/Dt = d/dt + X-Vg +
n
¥-Ve) and A= Z (dX,/dq, + dY,/dp.).
i=1
The next step is to establish the position (g,p) of a

particle at time t = 0. Heard lets Qo(g,g,t), go(g,g,t) be
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this position. Similarly, Q(g,p,t), P(g,p,t) is the ._J
particle's position at time t. i
Heard now shows the solution of Eq (10), given the
initial condition
.
f(g,p,0) = ¥ (g,p) 11) -
to be

fg,p,t> = F(Q4(g,p,t),P50a,p,t)) expl-I(g,p,t)} (12)

where

t
I'<g,p,t) = ‘/h(g(t),g(t),t} o 113 3
0 ;
The intagral in Eg (13) is to be evaluated on the trajectory ]

which passes through (g,p) at time t i

The spatial density p(g,t) is found by integrating f

over all momenta as follows:

plg,t) = '/}(g,g,t) dp (14

From this equation, the shape and density of the cloud can

e

be found at any time.

Next, Heard finds the solution given dispensin_: from

the initial point g*. The initial condition

B - N

F(g,p) = 0(g - g*) G(p), (15)

1
e

L. ._A.l.l

39 .



applies. Here, 8(g - g*) is the Dirac delta-function and
G(p) is any function that describes the initial distribution
of the particle momenta. Heard next applies theorems
relating to the d-functions to arrive at the following

equation to substitute for £q (14):
p(g,t) = 1/141 % G(go(g,g*,t)) exp{-I"(q,p*,t)} (16)
where p* is the solution of
9g¢g,p*,t) = g* (17
arnd |J| is the Jacobian deierminant

d(a°'1"-¢’ao’no
d(p1'..o,pn)

J = (18)

Heard next provides matrix equations to describe the
part%cle motions. When the previoug results are combined
with the matrix equations, a general solution to the problem
can be found.

First, Heard lets g and p represent small deviations
from the reference solution of Eg (7). The variational

equations of motion for q and p becone

( )= A(Z) (19)

frel} 10
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where A is the matrix

A11  A12
A=
A21 A22
Here A11 = dX/dg, A12 = dX/dp, A21 = dY/dg, and A22 = dY/dp.

ALl are evaluated on the reference solution. When Heard

solves the variational equations, he uses the matrizant
U v .
P = 20)
W Y

U = dg/dgo, vV = dg/dgo, W = dg/dgo, & & ok dg/dgo.

where

The solution then becomes

Oy

where 9, and g 2re the initial values.

Heard next adopts the following matrix notation:

M_(x) = M(-t)

and notes that for a matrizunt the following property holds:

¢ '-9 (22)
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From Eqs (20) and (21) the following holds true:

99 9
( ) ) ¢— ( )
29 e
Q- Bg- and J end up in the following forms:

v g+ V_p

Q5¢g,p,t2? =
’ Pota-p,t) = W g+ Y p
J = det(v_)

Eqg (17) now takes on the following form:
U_g + V_p* = g*
witt 31 solution of

p*x = V:1(g* - Uu_g)

Now, Heard lets L

the solution being

n
dL/dt = L X2 (dg./dqg. + dp./dp.)
21 j i i i

E: the exponent term in Eq (16) using
dL/dt = LA

Eﬁ which becomes

d/dt(ln L) = 4
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(24)

(25)

(26)

(27)

(28)

det(P) and differentiates L, with

(29)

From this, Heard ultimately obtains the final expression for

(30>

(31

b
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t .

exp{-/Adt} = LC0)/L(Y) (32)
0.

By using Eqs (25), (26), (28), and (32), substituting
into Eq (16) and using the fact that det(@) = 1 according to

Liouville's Theorem, Heard's solution becomes

} | AR

The lLast step Heard uses is to apply the previous
results to the specific case of a group of particles under

the influence of the force of gravity and orbiting about the

earth. Heard's solution uses the cylindrical coordinates
(%,0,2) and assumes a radially symmetric gravitational

0 in the

|
E
’ - -1
[ pla,t) = C1/1detv_)13 GLW_ - v v ludg + v_vI'g*x1} (33
i potential (v). The coordinates are set up with z
equatorial plane, so v becomes a function of only W and z.
An orbit of radius R can be described in this coordinate

system as follows:

w =R, 9=00+ Qt, and 2 = 0 (34)

where RQZ = dv/du(R,0) and £ is the angular velocity of the
parent satellite. Small changes in the orbit are described i

by &, n, and § in the following manner:

Ww=R+ &, 9=64+ Qt+ N/R, and 2 = ¢ (35)
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Next, Heard uses the Hamiltonian

Ho= (1/72)¢p1° + p22 + p3%) - 2Q%p2 + (1/2)(n%2 + k%D (36

with momenta
p1 = €, p2 =N+ 2Q& , and p3 = (37)

and where

n® = 3 - (d%v/di®) (R,0) and k% = (dPv/dz?)(R,0) (38)

In Eqs (36) and (38), n is the epicyclic frequency. Poth ne
and K2 are assumed to be positive.

Using t"e following notation:

T=nt, T' =Ki, 0=282/n, s = sinT,

¢ = ¢cosT, s' = sinT', and ¢' = cosT'

Heard then arrives at the fundamental matrices for U, V, W,

and Y for use in Eq (32)

c 0 0
U = ~0s 1 0
0 0 ¢!
s (1 - ¢) 0
V o= Glc ~ 1) (1 - ¢8)r + gls 0
0 0 ns'/K
L4

Tt ""]

1
]

"
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-ns 0 0

W = s 0 0 !
0 0 -Ks!
c as 0 Eﬂ
Y = 0 1 0

In order to simplify the soiution, he also establishes

the following convenience:

b =c1 -0%)s + 20%¢1-¢) 3 (39)

Finally, Heard obtains an equation which describes the

density function for the collection of particles using any
initial momentum distribution function G(p1,p2,p3). The

equation is as followus:

2

P, Mt ) =k/18'LL1 = gO)sT + 20°C1 - )11}
x G((n/b)(t(‘l - 0% +0%sIT - 01 = OM}, (4D)

(n/05L0C1 - ¢ci)é + snl, [(Kls')ti) - o

where 0 =2, and n = K = @ = 1 for Keplarian orbits.

From this equation, the distribution of particies in

the chaff cloud 2t any future point in time can be
determined at any point (f,”,{) with reference to the parent

satellite. Since the center of mass of the cloud follows

._H._wl‘iz.__h..._...‘..:;b_u.hh T
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that of the original orbit and the orbit of the parent
satellite is known, the motion of the chaff cloud can be

easily determined.
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The final secti:n of this chapter takes a lLook at the
basic theory describing the attenuation of an
electromagnetic signal as it penetrates an absorbing medium
such as a chaff cloud. Although the attenuation analysis
could be via either wave or particle theory, only particle
theory is examined. The primary reason for this one-sided
aporoach is that Brown used particle theory in his work with
satisfactory results; an analysis that applied wave theory

would be needless duplication of effort.

Chaff Cloud Attenuation Theory. Brown states that a
cloud of cha¥f particles affects an electromagnetic signal
by first receiving and absorbing an incident signal and then
re-radiating the signal at some later tim;. This
re-raéiation can occur in effectively any direction with the
overall effect of uniformly scattering over 41 steradians
that portion of the signal wnich was initially absorbed. By

placing enoug) dipoles in random orientations into the path

of the incoming signal, the signal can be attenuated

46
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sufficiently tc effectively impede trarsmission through the
chaff cloud (Brown, 1987:4-1 to 4-2).

The chance of a dipol; interacting with the incoming
signal is directly determined by the "effective cross-
section” of the dipole. The effective cross-section is a
measure of the probability of interaction between a dibole

and the signal rather than the true crocs-sectional area

- measurement of the dipole as the name implies. Nonetheless,
the effective cross-section is given in units of area
(Brown, 1987:4-2).

The effective cross~-section is dependent on the

RN AY AR s
LI R 23 " R T e

frequency of the signal and the Length of an individual

PW T e
AR

LTVl L 0 el

dipote. A maximum value for effective cross-section occurs
when the length cf the dipole equals one-half the wavelength
of the signal. The value of effective cross~section (o) for
a group of randomly oriented dipoles can be determined from

Eq (41) below: )
0= 0.16 x A° (41)

where A is the waveiength of the signal (Brown, 1987:4-2 to
4-3; Peebles, 1984:128-129>.
According to Brown, the effect of a uniform chaff cloud

on the entire signal is determined from Eq (42)

P /P, = exp{~fozk/V)} ’ (42)
out in
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Here, Poutlpin is the decimal fraction of signal power :
&- transmitted through the cloud, 0 is the effective cross-
é section from Eq (41), z is the distance the signal travels :
% through the chaff cloud, N is the number of chaff particles ‘

in 2 particular volupe of space, ana V 1s the volume in
which the cloud is contained (Brown, 1987:4-13 to 4-14).
According to Evans, it is essential that the chaff cloud be
. uniform in order for £q (42) to provide accurate results
(Evans, 1988). Therefore, when the cthaff cloud is mndeled,
it has to be broken down into subvolumes that are small ]
enough for uniform density to be piesent. !
Once the desired degree of signal attenuation is ;
established, the appropriate value for '2N/V’ to be used in
£q (42) is 2asily calculated. Since tne valuye for '2'
through any part of the cloud should. be known, the value of
"W/V' (particle density) required for signal attenuation is 4

also determinable.

The beamwidth of the signal at the altitude of the %
chaff cloud is also imporfant since any signal which goes
around the edges of the cloud is not attenuated. Therefore,
the ef“ective attenuation of the signzl does not occur untit

the chaff cloud reaches a size in ares at least as large as

that of the incident signal {(Brown, 1987:4-3 to 4-6). This
last statement also assumes enough chaff particles are at

the edges of the chaff cloud so that effuactive attenuation

48



occurs. In practice, the cloud has to be much greater in
size than this minimum so that the number density in the
attenuation region is high. This is because of the cloud
having a smaller density at its edges and a higher density
near the centroid.

Finally, the above values for *2', 'N/V', and signal
attenuation are calculated for different points in time
after initial deployment of the cloud. These values are
used to establish the required dispensing velocity of the
particles in order to affect the desired attenuation at any
given point ir time after deoloyment. Ffrom these vaiues,
the period of time before effective attenuation occurs and
the period of time over which attenuation takes place are

found (Brown, 1987:4-13 to 4-~17).
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This chapter outlines the approach foilowed to complete
the chaff cloud study and is designed as only a very basic
precursor of what follows in Chapters 1V, ¥, ang VI. The
chapter is divided into the following sections: application
of Heard's results, graphical presentation of new results,
and determining the overall affectiveness of the chaff cloud

as a communications jamming device.

LR R = -y L L.

The methodology used in the application of Heard's
results to the chaff cloud problem can be broken down into
five sections. The five sections arc 1) a dimensional
analysis of Eq (40) to ensure complete understanding, \
2) determining the appropriate velocity distribution to be
applied to the chaff cloud expansion, 3) determining
particle deasity throughout the chaff cloud using Eq (40),
4) a spreadsheet setup for ease of calculation of results,
and 5) attenuation calculations of a signal through the

chaff cicud using Brown's thesis as a basis.

Dimensional_ Analysis. The first thing done with

Heard's 2naiysis was to break down Eq (40) into its

component parts. These parts were then subjected to a

50
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dimensionai analysis to determine the scaling and
normalization factors used by Heard in his derivation. The
components of the equation were next reassembled and solved
using the example velocity distribution function provided by

Heard. The values for (f,ﬂ,f,t) obtained in this manner

i)

could then be plotted on an 7 versus { graph and compared to

N versus { plots in Heard's paper to ensure the equation was

FROY  RESURMCKRGPORRRG MMM oMok ket

being solved properly.
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Eq (40) was fully understood, a solution using a velocity

¥y
LA

2 distribution function appropriate to the chaff cloud prublem
was needed. Since the other portions of this analysis
involve a statistical approach rather than strictly

[+ numerical solutions, a statistical approach was also applied
to the determination of the velocity distribution func&ion.
With the distribution of particles being approximately

Gaussian, the distribution function arrived at through this

approach was Maxwellian.

Determining Particle Density. Eq (40) allows a
reference value for particle density to be calculated at any

. selected point within the chaff cloud. By summing each of
these reference values from points throughout the cloud, an

aggregate total against which each of the individual values !

can be compared as a ratio is obtainable. These ratios can
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then be multiplied by the number of chaff particles in the
entire cloud to convert the ratios into the actual number of
chaff particles at each point within the cloud.

The particle density of a particular volume within the
cloud can be approximated by the density at the center of
the voltume if the volume is small enough that major
variations across the volume are eliminated. This wes
zcconplished for the chaff cloud by dividing the cloud into
small cubic volume elements and then fot(ouing the ratio
procedure from above to determine the number of particles

within each volume element.

Spreadsheet_Setup. In order to allow the many
iterations required for this analys:is to be accomplished
more easily, a spreadsheet divided into four sections was
used to do the calculations. The first section included
constants and variables to be used in the Later sections
with the variables including time ana dispensing velocity.
The second section consisted of Eq (40) broken up into
several parts for ease of calculation. The next section
summed up the relative densities mentioned above, determined
particles ratios, and calculated the number of particles
within volume elements located throughout the cloud. The

final section of the spreadsheet contained the calculations

for attenuation of the signal through the chaff cloud.
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Attenuation_of_the_Incident_Signal. Using the number

of particles in the volumes along each signal path from

) N

above and the values provided by Brown in his thesis for the

required size and altitude of the chaff cloud, the values
for attenuation of the incident signal at various points
across the cloud's cross-section (as seen from the earth)

were obtained. These data were compiled for each of several

different dispensing velocities and run for the time
interval beginning with initial cloud dispensing and ending

" 12 hours later. The results were then presented in the

2

graphs otitlined in the next section to describe the signal

attenuation affected by the chaff cloud.

Once results for various dispensing velocities and

times after initial dispensing were obtained, it was

necessary to present the results in a useful format. It was

i,

decided to provide a pictorial representation of the chaff
cloud attenuation through plots of dispensing velocity
versus signal attenuation. Using different symbols to

represent different amounts of time elapsed after cloud

- B
e e e s ata e O PP

dispensing took place, the signal attenuation through the
chaff cloud as a function of both time and dispensing
velocity was determined.
i
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Several important parameters were obtained from these
graphs. First, the amount of time elapsed before effective
attenuation occurs could be determined for any given
dispensing velocity. Second, the lLength of the period of
effective attenuation for a given dispensing velocity was
available. 'Thi; ¥as possible since tha attenuation plots
were run past the time at which the attenuation levels drop
below effective levels, Finally, a comparison between the
variou. dispensing velocities was made based on specific
requirements for signal attenuation. These ‘comparisons were
based on the amount of time before effective attenuation,
the period of timg over which effective attenuation occurs,

and the amount of time which elapses before attenuation is

no longer eff. tyve.

Effectiveness of Attenuation

The final step in the analysis was to determine whether
the attenuation levels obtained by the chaff cloud are
effective when the following questions ware asked:

1) Are the attenuation lLevels attained by the cloud
both high enough and maintained lLong ennugh for
a chaff cloud to be of value?

2) How does the fact that the chaff cloud and the

satellite toc be jammed are moving at different
veiocities affect signal attenuation?
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Given the initial size,.shape, makeup, and
weight of the ball of chaff, are the assumptions
surrounding the dispensing of the chaff cloud
reasonable?

What are the effects of the chaff cloud on
satellites other than the one the chaff cloud is
intended to jam?
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This chapter applies the methodology and theory
previously outlined to the chaff cloud problem. This allows

an overall attenuation picture to be obtained. The chapter

is divided into the following sections: 1) dimensional

. analysis of Heard's final equation, 2) determination of a
velocity distribution function, 3) determination of particle
densities throughout the chaff cioud, 4) the spreadsheet
setup used for analyzing Heard's equation, and 5) a
numerical analysis of signal attenuation using Brown's

thesis as a basis.

In order to simplify his calculations, Heard normalized
to unity some of the parameters used in his analysis through
the use of convenient dimensions. The two major parameters

|
1
l set to unity were the radius of the parent satellite's orbit

and the satellite's mean motion.

Satellite Radius. The radius of a satellite's orbit is
< rnined by adding the satellitefs altitude above the
earth to the earth's radius. Therefore, the parent

satellite for the chaff cloud, which is 100 nautical miles

(NM) below a geosynchronous satellite, has an orbital radius
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of approximately 42,073 kilometers (km) (Brown, 1987:4~4;
Heard normalized the orbital radius of the parent satellite
of the chaff cloud to unity using what will be referred to
in the remainder of this paper as Radius Units (RU).
Therefore, in the case of the parsnt satellite,

1 RU = 42073 km (43)

Mean_Motion. A satellite's mean motion describes the
time it takes for the satellite to travel through one radian
of its orbit. Next, a Satellite Time Lnit (STU) is defined
so that a Radius Unit per Satellite Time Unit (RU/STU) is
the velocity of a satellite. When an RU/STU is set to
unity, then the value of 'GM' in £q (44) below also becomes

unity witn dimensions of RU3/STU2:

Ves = (GM/a)172 (44)
wnere Ycs is the satellite's velocity, and a is the
semi-major axis as defined in Chapter I1 (Bate and others,
1971:34). For the parent satellite, 1 RU/STU has a value of
3078 meters per second (m/s).

Using Eq (45) below, 'n' also acouires a value of unity

with units of radians per STU (rad/STU):

n = (GM/a) 1/ (45)

(Bate and others, 1971:185).
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The conversion between STUs and conventional time units
is accomplished by dividing a satellite's crbital period by
2 radians (rad). For the parent satellite, the calculation

is as follows:

1 STU 35880 sec/21 rad

13670 sec (46)

Velocity Distrihution Function

The work of Knott, Lewinski, and Hunt suggests that a
spherical chaff cloud should have approximately a Gaussian
particle distribution (Knott, 1981:3,112). If a Gaussian
particle distribution is assumed, the appropriate velocity
distribution function should be Maxy_.lian (Evans, 1988). A
Maxwellian distribution function has the following form
(Evans, 1987:10)

n,(z,v) = n(z)<2/7r)1’chzlvos)exp(-v2/2v02> 47)
where v2= (v&.2 + Vﬂ? + vtz), and V0 rapresents the "thermal
speed"” of the particles. The thermal speed of the chaff
particles is defined as being equal to the dispensing
velocity and is assumed to be known.

A new term, the most probable particle velocity (Vgp),

is now defined by Eq (48)

= Ve'v 48)
Vth 0 (48

values of Vthfor several values of VO are shown in Table 1.
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vg (m/s) | vy Ru/sTYY [y, RussTey (v, 2 cruszTu®s
0.0050 1.624x107% |2.297x107% | s5.275x107"2
0.0190 3.269x107% 459521078 | 2.107x107""
0.0120 3.899x10°% [5.514x107% | 3.040x107"]
0.0130 6.226x10°%  [5.973x107% | 3.568x107"]
0.0140 6.548x10°% |6.432x107¢ | 4.138x197"]
0.0150 4.873x10"% |6.891x107% | 4.749x10”"]
0.0200 6.6498x10"% |9.190x107% | 8.446x10"""
0.0250 8.122x10°% [1.149x107° | 1.320x10"10
0.0300 9.746x10"% |1.378x107° | 1.899x10” 10
0.0350 1.137x107° | 1.608x107° | 2.586x10" 10
0.0400 1.300x10"° | 1.838x107° | 3.378x10° 10
0.0450 1.662x107° | 2.068x10™° | 4.277x10”'°¢
0.0500 1.624x107° | 2.297x107° | s5.275x107 Y
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Now, the momenta are generalized by dividing through by

o aniad

particle mass, and are substituted with £€q (48) into Ex J
(47). This results in the distribution function shown in Eaq

(49) helow:

6(p) ~'exp(-(p1z + p22 + p3z)lvth2) (49)

TR e T

p-apr-p—R RN R L TR P PR PP -

The distribution function from the previous section is

now used in conjunction with Eq (40} t¢ determine 3

TR TR T TN TG T

reference value for the number of chaff particles at any
given (£(,7,Z) coordinates and at any given time after
h initial cloud dispenLing. Once the reference nurber is

known at locations throughout the cloud, the actual number

of particles at these same Locations is also determinable.
First, the reference values at each lLocation are summed
j to obtain the reference total. Then, the reference number
at each location is divided by the reference totai to

determine the decimal.fraction of the total number of chaff

particles at each location. Finally, by multiplying each of
3 these fractions by the total number of chaff particles, the

actuat number of particles at each location is found.

Since it would be impossible to calcula:e reference
numbers for every location in space, the cltoud is broken up

into a three-dimensional grid of identically sized cubes
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4ith the centroid (origin) of the innermost cube at the
(¢,7,¢) coordinate (0,0,0). The arid has a size of seven
units on a side with the units for t@e overall grid being of
variable size for the purpose of scaling the model to fit
the chaff cloud as it expands over time. The 7x7x7 grid
thus altlows for a chaff cloud of size up to plus and minus
three and one-half units of the initial dispensing point in
each of the three orthogonal directions. The final size of
the gri? is set at Tx?x7 because of memory Limitations (4640
kilobytes of Random Access Memory) in the computer used tc
run the program. The Limitation on the number of grid cubes
in which to contain the expanding cloud is ctounteracted by
the scaling capability of the program, howevar.

With the grid in place, the reference values need to be
calculated only at the centrcids of each cube. Each of the
reference vaiues can now be assumed to represent the
reference number of particles within each of these cubic
subvolumes of :ace instead of only at particular
coordinates. Therefore, when the actual number of particles
at each centroid is determined, the particle densities at
the various locations are easily determined by dividing the
number of particles by the volume contained in the
subvolumes.

One obvious difficulty with the above approach is that

to obtain accurate results, the particle density in each
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subvolume must be uniform. In the actual chaff cloud, this
cleariy might not be the case. However, the use of variable
cube sizes for the scaling psrocess also allows for improved
internal density resolution of the chaff cloud.

1f the uniformity of the particle density in any one
cube is suspect, the centroid of the entire grid can be
moved from (0,0,0) to the coordinates of the centroid of the
appropriate cube. The sizes of the subvolumes within the
suspect cube can then be r2duced. In this manner, any of
the original subvolumes can be "magnified" and subsequently
examined for internal particle density uniformity. Figure 7
shows this process pictorially.

Another disadvantage of the grid approach is that while
the cloud expands radially to form a sphere and then an
ellipsoid, the model employs a cubic grid to examine the
cloud. Again, by moving the origin of the entire grid to
the various parts of the chaff cloud ¢ , using the scaling
technique described above, the actua. shape of the cloud can
be closely approximated at any point in time.

An advantage of the grid approach is that once the
number of particles in each grid cube throughout the entire
cloud is known, signal attenuation through any particular
portion of the cloud can be determined incependently of the
attenuation through any other portion of the ctoud. An

exampie is examining the attenuation of a signal which
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Figure 7. “"Magnification of a Subvoluame

of the Chaff Cloud
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penetrates only through that portion of the cloud within
plus or minus o kilometer in the ® and ¢ directions of the
center of the cloud. This advantage will become more
evident Later in the section concerning Brown's attenuation

requirements for a chaff cloud.

- =D e e S Ty B -

The attenuation of the electromagnetic signal is

icalcutated using two spreadsheet proérams. The first

N

spreadsheet calculates the number density in each cube of
the grid. The second calculates the signal attenuation
through the cloud starting at subvolumes across the fa;e of
the cloud and continues by looking at subvolumes at
successive depths (values of &) through to the other side.
Each run of the spreadsheet programs constitutes one point
in time after cloud dispensing began. The spreadsheet
programs ware devised using Quattro by Borland and are
included as Appendices A and B, respectively.

The number density spreadsheet is broken up into three

sections. The first provides basic equations and constants,

the second calculates reference number densities for the
subvolumes in the grid, and the third section calculates
actual number densities in each subvolume. A more detailed
explanation of the spreadsheet is included as part of

Appeindix A.
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The signal attenuation spreadsheet is divided into two
sections.  The first is composed of all the values from

section three of the number density spreadsheet. 1In

practice, these values are first copied as a block into a
separate file and then transported into the signal
attenuation spreadsheet. The second section of this
spreadsheet uses the values from section one to calculate
the attenuation of the incident signal (Pin)' The
attenuation calculations determine the decimal fraction of
the signal that penetrates through each of 49 cotumns of the
chaff cloud (Pout)' The setup and numbering scheme of the
49 columns is shown in Figure 8, with the horizontal and
vertical directions corresponding to the ® and ¢ directions,
respectively. ¥For each column, Eq (42) is applied to the
number of particles contained within each subvolume; the
values at each layer are multiplied together to determine
the overall value for 'Pout" Care is taken to ensure the

appropriate values are used for '2' and 'V' to compensate

for the various magnifications being used in the

spreadsheet.
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Brown's thesis shows that the minimum required area of

a chaff cloud attempting to jam communications between a

DSCS satellite and a circular area the size of Washington
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(1,1 (2,1 3,1 4,1 (5,%) 6,1 7,1
(1,2 .(2,2) (;,2) (4,2 (5,2 (6,2) (7,2)
1,3 2,3 (3,3 4,3 {5,3 (6,3 7,3
(1,4 (2,4 (3,4) 4,4) (5,4) 15,4) (7,
1,5 2,5) (3,5) 4%,5) (5,5 6,5 (7,5
1,6 (2,6) (3,6) (4,6) .(5,6) 6,6) (7,6)
“,n 2,7 (3,7) (4,7 5,7 5,7 7,7y
Figure 8. Numbering Scheme for the Subvolumes

Along the Central Column of the Chaff Cloud

66

s L -

'
O

1

—— . L, .

- It



D.C. is approximately 97,500 square meters. This assumes
tnat the chaff cloud is located 100 NM (185.2 km) below the
DSCS satellite, an & Gigahertz (GHz) uplink signal is being
jammed, and that the cloud contains 100 billion particles
(Brown, 1987:4-3 to 4-5). This equates to a chaff cloud
with a required radius of approximately 175 meters (m) and a
diameter of 350 m. Brown also states the cloud must reach
an attenuation of at least =10 decibels (dB) across the
entire area of coverage within one hour of dispensing and

must maintain this -10 dB attenuation for at lLeast twelve

- — . - - —— - - .- - - -

attenuation calculations using decibels (Stanley, 1982:7-9).

With the area of coverage on the ground for tne chaff
cloud being circular, the only porticn of the chaf?{ cloud
important to signal attenuation is the column which runs
through the centroid of the cloud. Therefore, only
attenuation through this part of the cloud needed to be
calculated.

When a circle with a radius of 350 m is inscribed in a
cross-section of the spreadsheet model grid with dimensions
of 350 m, the squares at the corners of the grid Lie
entirely outside of the circle. As a result, only 45 of the
49 columns contained within the model needed to be examined

for signal attenuation. This is shown in Figure 9.
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Figure 9. Effect of Inscribing a Circle

Within the Chatf Cloud Mcdel
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To determine if Broun's first attenuation requirement
is met by a chaff cloud in orbit, the entire cloud is first
examined at a time of one hour after dispensing, with the
size of the internal grid cubes increased as required to
ensure all chaff particles remain within the 7x7x7 model.
The number of chaff particles within all of the subvolumes
are then recorded. Then, the cloud model ic scaled back
douwn 4 step at a time until grid cubes 50 m on a side are
obtained. It is important to assign the proper number of
chaff particles to each of the subvolumes and the proper
coordinates to the origin of the grid each time the model is
scaled up or down. The attenuation of the signal is then
determined using the attenuation spreadsheet. By varying
the dispensing velocities and repeatinyg the above process,
the minimum dispensing velocity which meets the criterion
for attenuation within one hour is established.

In order to determine whether a ~-10 dB attenuation is
maintained for a period of twelve hours and, if not, for how
long it is maintained, a similar approach is followed. The
spreadsheets are run at one hour increments for the
following dispensing vetocities (all in m/s): 0.01, 0.02,
0.03, 0.04, and 0.05. Again, the entire cloud is kept
within the model's grid through appropriate scaling of the

spreadsheets for each pair of velocity and time values.
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The cloud is then scaled back down as required until
the 350 meter diameter cloud is reached. The number of

particles within each subvolume are recorded at each step.

EOLiite Sin AN S kA X

These values are then used 1n subsequent steps as the total
number of particles contained in *he 7x7x7 subscaled grids.
The downscaling process involves first determining the
number of particles in each of the seven (7,{) = (4,4)
csubvolumes in the total cloud model. Each of these

subvolumes is then run through the density spreadsheet

(NN VA VA S il tT 0 y e
. .

individually. This is accomplished by rescaling the

spreadsheet so the outer dimensions of the subvolume exactly

[YP-THYeM

PR . OBANrURSARAI s  surbaatdl g

fit the 7x7x7 grid, using the coordinates of the subvolume
centroids as the origin for the subscaled spreadsheet grid,
and ensuring the number of particles within the subvolume is
entered into the "constants"” section of the spreadsheet. By
using this process repetitively, the number of particles in

each sub-subvolume is determined until the number of

particles within each layer of tHe central column is

&

F determined. Ffinally, by manually applying Eq (42) through
each individual layer of the central column, and multiplying

the final results together, the overall attenuation affected

TTE

by the cloud is obtained.
In order to clarify the above discussio:. ppendix C
descrik s tha procedures followed for one a2ttenuation

calculation. The values used in the example for dispensing
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velocity and time after dispensing are 0.05 m/s and six

hours, respectively.

71




ATV T AT YT
AR S

R AR L AT A At & bbb auaddhano~da el e 2. shind et R e it IR

A i)

h:hr‘-.m

RIS

V. Presentation_of Results_azns Uiscusiion

This chapter presents the results for each of the areas
of tris res;arch effort and an interpretation of these
results. The chapter is divided into the following three
sections with interpretations included as a part of each
section: physical structure of the chaff clocud vver time,
cignal attenuation one hour after dispensing, and signal

attenuation for the first twelve hours after dispensing.

- e an e ah em m wt an s e s e e e B n TR N ke W W e e w

As would be expected from the discussion in Chapter 1II,
the chaff cloud's physical ;tructure clos: ' resembles the
cloud described for Casa2 Il since 5t is dispernsed
instantaneously and has velocity components both along the
path of metion and radially outward. The only real change
cshould be that scm. of the chsff particles ¢i1ss have
velocity components ovt of the orbital plane.

The cloud starts out as a spher? and exhibits a gradual
spreading out ir. all directions. The spreading becomes
faster for the higher dispensing velocities, but the gereral

shape of the cloud remains similar in each case. figure:

10, 11, 12, and 13 show the cloud evolution over time in the I}

and { directions for a 0.01 m/s dispenzing velocity.
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-elocity: 3600 Seconds After Dispensing

73 '

oKL

. KL

e R

.m'

S AN

R 3¢

e L sa



4 FAART YT I Y PRkt A e e L S
SR AT FACE SRR 0 e W I T A B et e et e S AR ST R
| ERERA ST T }

|
i
|
i
]
foo
E
|
|
b
f
!
|
200
, £
‘ bt 1500
8
- v
4 1000
>
=y MHEOME ME M M M N
0 300
5 WoONE B O W O W M X
< 0 | I NIt
2 NN M M M I M N
c ~3500
‘5‘ WO M K M X M
o -4000
[+}
P
E - 1500
Q
2T T T T T T T T T T T
[ -2450 -1750 -~10S0 -350 350 1050 175G 2450
] -2100 -1400 -700 o 700 1400 2100
Dist. to Centro!d in Eta Direction (m)
Figure 11. Chaff Cloud Evolution for a 0.01 m/3 Dispensing
Velocity: 25200 Seconds After Dispensing
74
. Lo
S - T — e e e

_ i“i .I N il ,-:’

IO W

R



AT A TIW

vy

RAMENARIL | -2 st ci Ay

R L T T P T e L Y LA TR

3000

DA e i L e e i e TR R R

R T p—

2000

-1000

M OMEOME NE ME N M N XK

0 e N3 I I =P N S~

MO ONE N ONE M N M X

-2000

Dist. to Centrold In Zeta Nirection (m)

=300 ~y—7—

LI L L

T
2800 -2100 -400 -700 0 200 1400 2100 2800

-24350 ~-1750 -19€50 -350 350 1050 1750 2450
pist. to Centroig in Eta Direction Cm)

Figure 12,

Chaff Cloud Evolution for a 0.01 m/s Dispensing

- e oy

SR O L.

a B

b

Velocity: 28800 Sseconds After Dispensing
!,
:
§
75 .
|




8000
e
v 5000
§
§ 4000
L
o]
2000
~
£ 1] O e e B I B B B B W ——
hd
g -2000
[ -
8 -4000
b4
g -6000
[*]

S T T T T T T T T T T T T
- 7000 ~-3250 ~3500 ~1730 0 1730 3500 %250 2000
-6125 -4375 -2625 -875 879 2625 4375 6125

Dist. 1o Centroid in Eta Direction (m)

Figure 13. Chaff Cloud Evolution for a 0.01 m/s Dispensing
Velocity: 39600 Seconds After Dispensing
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Although not shown in the figure, the spreading in the ¢
direction is very nearly circula;. To visualize the
expansion of the cloud over time in three-dimensions it is
probably easiest to imagine a qolf ball, an egg, a cucumber,
and then a serving platter. Also not shown in the figure is
that the cloud eventually expands to form a toroid arouna
the earth.

As mentioned in Chapter II, those particies dispensed
along the path of motion of the parent satellite experience
changes in their orbital periods and thus, their vélocities.
These velocity changes cause the chaff particles to
continually spread in the 1 direction as shown in the
figures. Not shown in the figures is the appearance J>f the
cloud in the §n-plane. When viewed from above, the cloud
starts out as a circle and then becomes an ellipse. 7'.is
change in the cloud's shape is caused by the elongation in
the 7 direction.

Also not shown is the displacement in the £ direction
of the "lezding" and "trailing"” edges of the cloud in
retation to its path of motion. In this displacement, the
leading eodge of the chaff cloud gradually moves farther away
frcm the earth and the trailing edge moves closer. This is
caused by the phenomenon noted by Shapiro when he mentioned
the "drajon's jaws'". Because tha eccenfricities of the

individual chaff particle orbits are disturbed in the

7
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dispensing process, some of the particles necessarily drift
awdy from the parent satellite's positior as the cloud
approaches the portion of its orbit 180 degrees from the
point of dispensing. If the cloud were examined for a
Llonger period of time, it would continue to oscillate
sliéhtl; up and down in altitude, but the phenomenon would
gradually dampen out.

finally, the reason the cloud becomes "thi%ger" as it
reaches the 12-hour point of its orbit is simplf explained
by orbital mechanics. As mentioned in Chapter II, the
particles displacad out of the orbital plane will return to
the pilane o
two planes cross. At an altitude of 42073 km, the parent
satellite's orbital period is 23.86 hours. Therefore, at
very nearly 12 hours the cloud should pinch down somewhat as
shoun in figures 10 through 13.

Figure 14 shows a representative graph of the density
profile through the central column of the chaff cloud.. The
density is shown as a function of percentage of distance
travelled through the chaff cloud, with the density being
greatest in the center of the ¢loud. The graph presented is
for a dispensing velocity of 0.05 m/s and at a time after
dispensing of five hours. Other combinations of dispensing
velocity and time after denloyment have similar density

profiles with profiles of the cloud at earlier times having
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a.higher density at the center and a lower density at the
outer edges and with the opposite being true for lLater times
after deployment. For smaller dispensing velocities, the
central densities at the same point in time would be higher;

for higher velocities they would be lower.

This section discusses the amount of signal attenuation
affected by the chaff cloud one hour after initial
dispensing. Three areas are addressed for various
dispensinyg velocities: attenuation of the signal exactly
one hour after dispensing, attenuation of the signal in ten
minute increments leading up to one hour after dispensing,
and the time it takes for the chaff cloud to achieve a

-10 dB attenuation.

Attenuation_a* _One_Hour. This section answers the
question of whether the chaff cloud can affect at Least a
=10 dB attenuation of.the input signal at a time of one hour
after initial dispensing. Sincte dispensing can occur at
virtually any velocity, attenuation is analyzed for
dispensing velocities between 0.005 m/s and 0.05 m/s. The

reason for Limiting the upper velocity at 0.05 m/s witl be

explained later in the chapter.
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Figure 15 shows the attenuation in dB of the s.gnatl
after it passes through the chaff cloud at a time of one
hour for the‘dispensing velocities of 0.0115 to 0.0155 m/s.
As would be expected, the attenuation is greater for the
higher dispensing velocities than for the lower velocities.
This is because the faster dispensing causes the particles
to expand anq fill the required cross-sectional area faster
than the slower velocities. With more particles within the
outer region of the central column, more attenuation is
aftected. Also, the greater velocity has the effect of
making the thickness of the central column increase. With
wore distance for the signal to traverse, more attenuation
is affected.

From the figure, it can also be seen that the
attenuation is less than -10 dB for velocities less than
approximately 0.014 m/s. Therefore, the dispensing velocity
has to be greater than this vaiue for the chaff cloud to be
effective.

The range of dispensing velocities examined for +his
study was expanded in Figure 16 so velocities between 0 and
0.05 m/s could be examined for signal attenuation at a time
of one hour after dispensing. As before, vhe attenuation
generally increases with increasing dispensing velocities.
However, at a velocity of approximately 0.04 m/s the

attenuation lLlevel begins to decrease. There are two
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phenomena which contribute to the increasing-decreasing
attenuation: a decreasing number of particles in the
centroid of the chaff cloud and an increasing path lenagth
through the chaff cloud.

For velocities Less than 0.04 m/s, not enough particles
are able to reach the outer edge of the central column to
affect a -10 dB attenuation within one hour. For velocities
above 0.04 m/s, particles are retreating from the centroin
at a rate fast enough that the number left within the
centroid decreases below that required for the greatest
attenuation. In fact, the maximum attenuation at one hour
for the central subvolume occurs for a velocity of about
0.035 m/s. The increasing path length now becomes important
to the attenuation cf the signal. At dispensing velocities
less than 0.04 m/s, the.chaff cloud attenuation at the one
hour point is accomplished almost entirely by the particles
within the subvolume at the centroid of the cloud. At
higher velocities, a greater percentage of the signal
attenuation is caused by the particles that lie in
subvolumes farther from the centroid. It is this
combination of attenuation due to the large number of
particles in the centroid and attenuation dué¢ to the
increasing number of particles along the ever increasing
path length that cause 0.04 m/s to be the velocity with the

highest attenuation. For velocities above 0.04 m/s, the
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attenuation in the centroid drops off faster than the

i R

surrounding subvolumes can (ompensate, so the overall

attenuation for the chaff cloud gradually begins to

decrease.

e L

. Attenuation_in_Ten_Minute_Increments. Figure 17 shows plots

of attenuation versus dispensing velocity for times after

dispensing of 10, 20, 30, 40, 50, and 60 minutes. Again as

[ ]
L JERL

expected, the attenuation is greatest for the highest

dispencing velocities for each point in time. From the

figure it iy clear that at times of 10 and 20 minutes after
&ispensing, atmost none of the dispensing velocities acheive

an effective lLlevel ot attenuation. Y. wever, for times

greater than 30 m:nutes after dispen:ing, the attenuation .
level’ acheived are fairly significant fcr all dispensing
velocities above 0.03 m/s. The decrease in attenuation

found in Figure 16 is also apparent in Fic.re 17.

2 e W

Time Until _-10_dJB_Attenuation. Although not specifically

outiined as a r2quirement by Brown, it woul-” be nice to know i

the time it takes for the chaff cloud to acheive a ~10 dB

attenustion for various dispensing velocities. Figure 1%

shows, to an accuracy of plus or minus five minutes, the

JOURTVIDE . UL LI

time ** takes the chaff cloud to attain an attenuation Llevel
of at least -10 dB. For velocities of 0.03 m/s, effective

attenuation is achieved within the first 30 minutes or in g
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Falf ot the required time. However, for velocities of 0.01
and 0.005 m/s the time before efrective attenuation is
achieved are 90 and 190 minutes, respectively.

The reason for the great disparity in the time until
effective attenuation occurs can be explained by lLooking at
the Maxwellian velocity distribution used for the chaff
cloud. The distribution has a negative exponential function
which decreases to 2ero for increasingly lLarge exponents.
However, the dispensing veloc{ties are placed in the
denominator of the exponent so lLarger velocities cause the
function to increase rather than decrease. The additional
effect of squaring the dispensing velocities in the equation
causes small changes to have a relatively large effect.

The overall effect of the Maxwellian velocity
distribution is that. most of the particles will have
velocities near the dispensing velocity with a few with much
greater velocities as the function decreases in the tail
region, Therefore, for 2 dispensing velocity of 0.00S a/s,
not many particles will have velocities even as high as 0.05
m/s &nd only a3 very small number will have higher .
velocities. However, for 0.05 m/s, most particles will have
a dispensing velocity of 0.05 m/s with a few having much
greater velocities, The result is that the area required of

the chaff cloud for attenuation of a signal is covered by
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particles at a much faster rate for larger dispensing

velocities than for lesser velocities.

This section examines the attenuation affected by the
chaff cloud for the first twelve hours after dispensing;
since the second requirement for attenuation is that the
cloud maintain an attenuation of -10 dB for at Least twelve
hours. The twelve hour attenuation is examined in two
parts. In the first, the attenuation of dispensing
velocities between 0.01 m/s and 0.05 m/s will be examined by
looking at individual plots of attenuation. In the second,

the attenuation levels are examined on a collective plot

where all the velocities are represented.

PR AP 1 . T X X PP PP PR R PR R PR R - - I e =

Figures 19 through 23 show plots of signal attenuation
versus time for dispensing velocities of 0.01, 0.02, 0.03,
0.04, and 0.05 m/s respectively. Figure 19 shows the signal
attenuation increasing up toc the four-hour point at which
time it begins to decrease. Figures 20 through 23 show
similar occurences with the maximums being reached at times
of two hours, one hour, one hour, and 50 minutes,
respectively. These decreases in attenuation are caused by

the same phenomena mentioned in th2 previous section where
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the number of particles left in the centroid of each cloud
drops below the number required for maximum attenuation.

Another feature in each of the figures is that the
attenuation reaches its maxinum value at a faster -ate than
the attenuation decreases beyond the maximum. Thus, each of
the plots take on the shape of "V" with the left Leg at a
greater angle with respect to the horizontal than the right
leg. This feature is most prominent for the higher
velogcities.

All figures also show the attenuation levels dropping
below the =10 dB point before the twelve-hour point is
reached. Therefore, none of the clouds meet the second
attenuation requirement set Ly Brown. Yhis problem can be
explained by examining the orbital mechanics of the cloud.
As mentioned previously, the cloud pinches down as it
approaches the twelve-hour point, causing the cloud o
become smaller in the ¢ direction than that required for
proper attenuation across the required cross-sectional area.
The only way to get the cloud to pinchk do'n after 12 hours
wculd be to deploy it far enough away from the earth so that
its crbital period would be greater than 24 hours. Howeve:,
since this would cause the cloud to lie outside the orbit of
the DSCS satellite it is attempting to jam, the cloud would

be rendered useless as a jammer.
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Examinetion of the figures also shows the following
interesting feature for all but the 0.01 m/s dispensing
velozity: As the time approaches the twelve hour pcint, the
attenuation (which-was decreasing) begins to increase again.
This can be explained by the fact that the cloud is
expanding atong the central column in the § direction. When
a cloud becomes Larje enough, the fact that attenuation
through any one subvolume along the central column does not
greatly attenuate the signal is ccunteracted by the
multiplicative effect of the signal passing through more and
more subvolumes along the way. For example, if each of 21
subvolumes along the signal's path cut the signal by only 15
percent, the final output signal would be 0.032 of the input
signal. This equates to an attenuatior of -14.8 dB. The
fact that the attenbaticn again drcps off after this portion
of the curve for each figure is due to the pinching down of
the cloud which was described above.

For .most of the dispensing velocities egxamined, once
attenyation of greater than ~-10 dB8 is attained, it remains
ahove that level until the pinching of the c¢loud causes
attenuarticn to decrease again. However, the Level of
attenuation at which the zttenuation stops dacceasing and
begins to increase again beccmes lower for increasing
velocitios. For example, the attenuation of the 0.02 m/s

dispensing velocity cloud began to incresse 2gain after
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attenuation dropped to about =75 dB. Bui, fcr a dispensing
velocity of 0.05 m/s, the attenuation did not increase until
it was slightly below -10 dB. Therefore, for dispensing
velocities greater than 0.05 m/s, the attenuation Llevel
would also drop below -10 dB before the attenuation Level
began to increase again. Since the attenuation of the cloud
with a dispensing veltocity of 0.05 m/s dropped below -10 dB
after only nine hours, higher dispensing velocities would
attenuate for even shorter periods of time and, thus, were

not examined.

- R R e S ML SR ST M R D G S e A o WP WP A TR wE b s a0 B s e e o an - w

upon each other, Figure 24 results. Figure 24 looks pretty
much as expected, with the curves for lower dispensing
velocities lying below and the to the right of the higher
dispensing velocitiest However, a closer examination shows
both the 0.0% and 0.0; m/s curves crossing the other curves
beginning at about nine and eleven hours, respectively.

The reason behind this apparent discrepancy with the
previous results is once more due to tne interaction of the
three major functions affecting atteruation: the number of
particles within the subvoiumes, the size of the chaff
cloud, and the pinching of the cloud at the twelve hour

point. Since the chaff clouds with higher dispensing
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smaller dispensing velocities, the multiplicative effect of
the attenuation through the subvolumes is greater for them

than for the clouds with slower dicpensing velocities.

AL

l- velocities expand much more rapidly than the clouds with

dispensing have more particles contained near their

centroids than the clouds with faster dispensing, the small

eI L

number of subvolumes along the central column becomes an
inhibiting factor to overall signal attenuation.

for example, at ten hours, the attenuation through the i
centroid of the cloud with a 0.01 m/s dispensing velocity is
97.4 percent, while it is only 86.4 percent for the cloud

with a 0.05 m/s dispensing velocity. However, with 11

ol ML

subvolumes 0.35 km on a side along the central column, the

cloud with the higher dispensing velocity has an overall

)

Thus, despite the fact that the clouds with slower
attenuation of 99.98 percent. The cloud with a 0.01 m/s

dispensing velocity has only five subvolumes along the

central column for an attenuation of 98.8 percent. The

reason the clouds with 0.03 and 0.04 m/s dispensing

pinching effect of the chaff cloud begins to dominate the

velocities do not cross over the other curves is because the
- expansion function for these velocities before the expansion

!
-
k|
-1
N
|
!
i

functions show up on the graphs.
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Conclusions_snd_Recommendations

This chapter summarizes the research done to study the
depltoyment of a chaff cloud in space. First, it Lists and
discusses conclusions that can be drawn directly from the
results. Ther it lists some recommendations for areas of

further studs and briefly discusses these recommendations.

Conclusions

The results of the previous chapter clearly demonstrate
that no dispensing velocity for the chaff cloud allows it to
attenuate the incident communications signal for twelve
hours because of the lLaws of orbital mechanics. Also
demonstrated was that dispensing velocities less than
0.014 m/s or greater than 0.05 m/s are inadequate, in the
first case because the signal is not attenuated quickly
enough and in the second case because signal attenuation
drops below -10 dB at a time of nine hours after dispensing.

Since none of the dispensing velocities attenuate for a
full twelve hours, a compromise with the attenuation
requirements set by Brown will have to be reached. It is
probably best to choore a dispensing veleocity for the chaff

cloud that causes attenuation as quickly as possible and

that also continues to attenuate for as long a¢ pecssible.
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The early attenuation will help counteract the fact that
attenuation does not continue up to the twelve hour point.
pispensing velocities greater than 0.63 m/s seem to be best
since they can attenuate the signal within 30 minutes and
continue to attenuate the signal up to the point the cloud
pinches down near twelve hours. However, the a:tenua;ion by
the clouds with dispensing velocities of 0.04 and 0.05 m/s
drop as low as =17 and -9.8 dB well before the twelve hour
point, while the attenuation by the 0.03 m/s velocity cloud
drops only as low as =37 dB. For this reason, the
dispensing velocity of a chaff cloud in space should be

approximately 0,03 m/s to best acheive the attenuation

requirements suggested by Brown.

Recommendations
With the feasibility of using a chaff cloud in space as
a communications jamming device demonstrated, it is now
necessary to ask a few questions regarding the assumptions
used in the study and to outiine some areas of further
. ~esearch concerning the chaff cloud. This section asks the
following four questions:
1) Are the attenuation levels acheived by the

chaff cloud high enough to make the :cloud
useful?
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2)

3)

4)
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How does relative motion between the centroid
of the chaff cloud and the target satellite
affect attenuation?

Are the assumptions regarding the dispensing
of the chaff cloud reasonable?, and

What are the effects of the chaff cloud on
other satellites?

Is the Chaff Cloud Useful? Although the chaff cloud

does not maintain a significant level of attenuation for a

full twelve hours, the fact that it does maintain levels of

more than -50 dB for several hours is certainly significant.

Therefore, it would be worthwhile to look into the

significance to communications ¢f the levels of attenuation

attainable by a space-borne chaff cloud. Areas addressed

could include:

the Length of time attenuation needs to be

maintained in order for communications to be sigificantly

disrupted; levels of attenuation required to disrupt most

sateliite communications, and what conditions apply to each

level; and what sort of tradeoffs can be made between

attenuation Llevels achieved by a chaff cloud and the periods

of time over which the levels are maintained so that the

most significant signal disruption occurs. All these

questions could be addiessed to the various dispensing

velocities available for the chatf cloud to help redefine

lLimits for the model.
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Another question”that‘needs to be asked is Qhat happens
to the signal attenuation after the twelve hour point?
Since the cloud will begin to expand again after the twelve
hour.pinching, perhars a few more hours of attenuation can
be acheived by the cloud after attenuation levels build back
up again. The ievels of this second period of attenuation
need to be examined to see how long they remain significant
if, in fact, they are. Maybe the pinching down can be
counteracted by another attenuation device until the cloud
expands again. Finally, since the chaff cloud is
continually expanding and contracting causing periodic
signal disturbances, perhaps nothing more needs to be done

to significantly disrupt communications.

What is the Effect of Motion Between the Chaff Cloud

ggg_ghg_ggggggjggg As Brown points out in his thesis, the
chaff cloud has a motion relative to a geosynchronous
satellite of 7 m/s. This is due to the fact that the cloud
is in a lower orbit around the earth than tha target
satellite. Since the chaff cloud is expanding at a much
slower rate than this relative motion, the chaff cloud will
move out of a position of effective attenuation well before
maximum attenuation is reached (Brown, 1987:4-18 to 4-19).

There are several ways of dealing with this problem:

deploying the cloud closer to a geosynchronous altitude to
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minimize the relative motion; deploying the cloud earlier in

il

time so it drifts across the geosynchronous satellite's
field of view after the cloud has growin large enough to

effectively attenuate the signal; deploying the chaff cloud

Y

from an elliptical orbit and allowing the changing velocity
of the chaff cloud, as it follows the elliptical path, to
keep the cloud in the geosynchronous satellite's field of —
’ view longer; and deploying more than one chaff cloud in T’
orbit, and allowing them to drift past the geosynchronous

target in succession.

el

By deploying the chaff cloud from a higher altitude,

the relative motion between it and a geosynchronous target

can be reduced substantially. However, if the relative
motion was to be reduced to 0.5 m/s, the chaff cloud would
be deployed only 13.8 km below geosynchronous attitude., In

this case, the relative motion between the two bodies would

TR T T T T T T R T T T R T T T R T

still be too high as it would take a 2.45 km diameter chaff
cloud only a Llittle less than an hour and a half to pass
completely in front of a geosynchronous satellite. More

importantly, the chaff cloud would be unacceptably clrse to

the target satellite, as expansion of the chaff cloud would

i
i
;
b
i
‘

eventually cause it to collide with the satellite. ;’

-

Perhaps the chaff cloud can be dispensed before it is

actually needed so that its expansion would be big enough to

cause effective attenuation over the required area on the o

104
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ground as it drifted past the geosynchronous ratellite.
This would eliminate the need to wait for the cloud to

expand as it drifted out of view of the target sateliite.

If the timing and direction of motion of the chaff cloud was
right, attenuation levels of s2veral hours might be
realized, since the cnaff cloud expands fastest atong its

. path -of motion. For axample, the cloud could be dispensed
so that just as it reached a length of 2.45 km in the ¢

direction, it would begin to cross the path of the uplink

signal to the target satellite. By the time the cloud
drifted past the geosynchronous satellite, several minutes E
would have elapsed. This option might also work with the

cloud at a higher altitude so the relative velocity between E
the two bodies is minimized. Both of these options should
also be examined in connection with the level of

attenuation/time of attenuation calculations mentioned

R

previcusly, in order to best meet attent~tion requirements.

The third option, deploying the chaff cloud in a
stightly elliptical orbit such that it slows down as it

passes the geosynchronous sateliite, was posed by Brown in

: . . It .
IR | I

his thesis. The idea is based on the fact that a satellite
travels at a slower velocity at apogee than at perigee.
Brown showed that the chaff cloud can be deployed in an
orbit with properly chosen apogee and perigee altitudes so

that the centroid of the chaff cloud wil! remain within 42
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meters of a point located directly in front of the catellite
for twelve hours. This occurs because the satellite catches
up to and slightly passes the centroid of the chaff cloud as
the cloud approaches its apogee. The satellite then slowly
falls behind the chaff cloud as the cloud speeds up on its
way to perigee. According to Brown, the orbit for which
this will work has a perigee 100 NM below geosynchronous
altitude and an apogee at geosynchronous altitude (Brown,
1987:4-19 to 4-22). However, Brown neglects to examine.the
pinching down of the chaff floud or the possibility of
collisions between the cloud and the geosynchronous
satellite in his analysis, so further study in this area is
warranted.

Finally, the chaff cloud could be dispensed as a series
of clouds along the path of relative motion which exists
between the geosynchronous satellite and the cha¥vf ¢loud.
This way, as one cloud passes the field of view of the
geosynchronous satellite, another would appear in its place.
If enough chaff clouds were dispensed in this manner, the
relative motion might no Longer pose a problem. Perhaps
even the problem of the cloud pinching down could be
eliminated by spacing the clouds so that as one cloud began

pinching down, another would expand in its place.
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Are_the Dispensing Assumptions_Reasonable? Many
assumptions went into the chaff cloud deployment model and
while all are reasonable for the first-order calculations of
this study, further analyses would require a more critical
look in the following areas: weight and volume restriétions
on a space-deployed chaff cloud, ability to meet dispznsing
velocity requirements with a spherical cloud deplovaent,
possibility or¢ nirdnesting of chaff particles, and actual
velocity distribution of chaff particles.

With 100 billion ;haff particles being deployed, the
wa2ight and size of the chaff package toc be put near
geosynchronous altitude could be significant. According to
Brown, the volume of a single chaff particle of the size
~-12 me

used for this study is 1.47x10 . The particle density

and appropriate packing density for the chaff packagé are

3

2550 kg/m~ and .55, respzsctively. (Brown, 1987:4-5).

Therefore, the particles weigh 375 kg (826 (b) and occupy
2.61x10-1 m3. The volume occupied by the chaff particles
is fairly small so¢ the chaff package could probably be
easily launched into orbit as a *piggyback"” on another
satellite. However, the weight is high and wculd probably
require a separate launch to reach orbit. After lLaunch
costs are considered, one chaff cloud coula easity cost

hundreds of thousands o} dotlars to deploy. If higher

attenuation values were desired, the cloud would weigh and
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cost even more. One possibility would be to reduce the
number of chaff particles. This, of course, would require
another attenuation study, but a factor of 10 raduction in

the number of particles would result in a more manageable

weight of 37.5 kg. If the reduction in attenuation were not

too great, the deptoyment of the cloud might be feasible.
The second dispensing assumption that needs further
consideraticn is the initial spherical dispensing pattern.
Although an exploding ball of chaff with a central charge
coultd be censtructed, it is not clear if dispensing
velocities of Less than 0.05 m/s could also be realized. If
not, another Jdispensing mechanism needs to be devised.
Additionally, Brown suggests that an explcsive charge might
damage a large number of the chaff particles (Broun,
1987:4-11). Brouwn also suggests dispernsing the chaff
particl2s using spocls of chaff from which tne chaff is
depiloyed as tne spoouls rotate. This is how the dipoles were
dispensed for Project West Ford. For West ford, the dipolaes
were attachzd to the spocls with napthalene which melted
upon exposure *o sunlight, thus releasing the dipoles over
time. ALl the spocls were initially spun avout the axis of
miniaum moment of inertia so that the release of the dipoles
would upset this inherently unstabtle condition and cause the
spodls to tumble. Thus, the dipocles were released in all

directions (Rrcwn, 1987:4-11 to 4-172). By dispensing the
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particles in this manner, however; the model used in this
study would be iﬁvalidated, since the model used assumed
instantaneous dispensing. Maybe a compromise could be
reached betueen dispensing techniques, or Heard's long-term
dispensing model could be applied.

Another problem with dispensing chaff particles in
space is "birdnesting", the clumping together of particles
due to attractive electrical charges on the particles.
According to MaclLellan, up to 50 percent of the diponles for
project West Ford were involved in birdnesting (MaclLellan,
1964:564). This condition would be expected with the
dispensing of any lightweight metallic objects in space
since there are no aerodynamic forces present to help the
particles separate upon deployment. Since all particles in
the model were assumed to properliy deploy, a correction
factor might need to be used to take birdnesting into
account, but proper values for the number of particles
involved need to be established first.

The final assumption associated with the dispensing
process that deserves additional consideration is the
velocity distribution function. Although a Maxwellian
distribution seems appropriate for the chaff cloud in
general, the Maxwellian distribution technically has no

upper Llimit on particle velocity while the chaff particles
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definitely have an upper Limit on their velocity. This
problem becomes important for the chaff cloud because of the
Large number of particles involved. If only 0.001 percent
cf the particles had a velocity above a certain value, the
number of chaff particles involved would be 1 million.
Thué, the model would show a Llarge number of particles
located a much greater distance from the centroid of the
chaff cloud than there really were. This discrepancy could
greatly affect the attenuation calculatiors, depending on
which portion of cloud was being considered and how much
time had elapsed since dispensing. Therefore, a new model
which properly places an upper bound on dispensing velocity
should be looked into i7T chaff deployment in spare is to be

further corsidered.

What _Are_the Effects of the Charf on Other Satellites?
Chaff can be expected to have two possiblz interactions with
satellites: attenuatior >f communication signals and
collisions.

Since the chaff cloud is moving with respect toc the
satellite it is attempting to jam, it has the possibility of
drifting in front of other satellites and disrupting their
communications. In order to fully assess the impact on

communications, the locations and transmitting/receiving

frequencies of other nearby satellites would have to be
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examined before each chaff cloud deployment. Also, if the
frequency the chaff was designed to attenuate was not the
same one used by other satellites in the vicinity, even if
the chaff cloud passed directly in frent of the other
satelliites, only noise would result. Therefore, even if the
chaff cloud did accidentally get in between a satellite and
its ground station, the signal might not be attenuated below
tiie Level necessary for uninterrupted comunication.

However, an increase in noise for all satellites the chaff
cloud passes in front of can be expected. On the plus side,
perhaps the cioud could be deployed to jam more than one
satellite for specified periods of time if the satellites
were close enough together. ~rfurther research into these
areas is clearly needed.

Also of major concern should be the possibility of
collisions between the chaff particles and other satellites
in earth orbit. Fortunately, the chaff cloud as envisioned
is well below the altitude of geosynchronous satellites, so
impacts with them would not be a problem. However, solar
radiation pressure and other perturbative forces will cause
the chzeff particles to decay into lower orbits, so they
could eventually come in contact with satellites nearer to
the earth.

Since the chaff particles are so tiny, they at first

would not seem to pose much of a threat. However, with the
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chaff cloud moving at about 3 km/s, impacts could be
devastating. According to Donald J. Kessler, a NASA
scientist who studies space debris, obiects between 1 mm and
7 cm in size can penetrate spacecraft walls if they are
moving at velocities of 10 kn/s (Kessler, 1987:587). With
the chaff particles being 1.87 cm lLong (Brown, 1987:4-3),
although also being very thin and moving much slower than

10 km/s, impacts might still be a problen.

Even if the chaff partiules do not damage the
satellites they come into contact with, they could interfere
with the satellites' operating functions by sticking to the
satellites' surfaces. Since the chaff particles are at
{east partially composed of met2l, the bombardment of the
chaff particles by high energy particles from the sun will
Likely cause the chaff particles to acquire an electric
charge. 1f the charged chaff particles were to fly within
close proximity of an oppositely charged satellite surface,
thev would be drawn to the satellite and stick to the
surface. If enough particles stuck tc solar panels or
antennas, a degradation of satellite operatidns might
result. Therefore, this is another area which warrants
further study.

Two suggestions were proposed by Brown to help
eliminate the problem of unwanted sig.al attenuation by and

impacts with the chaff cloud: constructing the chaff of
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materials so fine they would be broken up and swept away by

ML

the solar wind, or using materials for the chaff that
deteriorate when exposed to ultraviolet Light (Brown,

1987:4-23 to 4-24). Although Brown did not go into much

IR

detail on these suggestions, they might deserve further

consideration if a chaff cloud is to be deployed in space. . J
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This appendix contains a printout of all the formulas
used in the density spreadsheet. Each cell of the
spreadsheet is Llisted on a separate Line. The cell Llabels
are set ugp so that letters represent columns and numbers
represent rows starting from the upper left corner of the
spreadsheet. Therefore, entry "D10" is the fourth entry
from the Left in the tenth row of the spreadsheet.

In the formula printout, several symbols are used in
front of the cell entries. An apostrophe, a set of
quotation marks, or a caret symbol () indicate that the
entry in the cell is a label and not used in any
calculatiors. The symbol "Lw10l" is used to represent each
new row of the sporeadsheet, and the symbol "“\-" indicates
that the cell is filled with a row of hyphens. =all czells
without one of these marks are either blank or contain
formulas. )

Rows 1 through 20 contain constants and variables for
use in calculations by the rest of the spreadsheet. The
constants are those used by Heard in Eq (40) and the
variables are the following: the spreadsheet scaling
factor, the square of the thermal velocity of the chaff

particles, the time after dispensing. the number of chaff
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particles in the spreadsheet grid, the dispénsing velocity
of the chaff particles, and the displacement coordinates of
the centroid of the spreadsheet grid from the centroid of
the chaff cloud.

Rows €1 through 78, 80 through 137, 139 through 196,
198 through 255, 257 through 314, 316 through 373, and 375
through 430 calculate the relative number densities for each
of the seven values of £ contained in the spraadsheet model
grid. Within each of these sections are subsections which
calculate values for P1, P2, and P3; a Logic table to help
the spreadsheet calculate exponents of negative numbers
smaller than negative 200; and calculations of the relative
particle densities as solutiors for Eq (40).

Finally, Row 433 calculates the sum of the relative
number densities and rows 436 through 509 calculate the
actual number of particles for each (¢,n,¢) cooraginate

within the 7x7x7 grid modeled by the spreadsheet.
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